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Edited by Peter BrzezinskiAbstract Previously, we demonstrated ATP binding to the iso-
lated e subunit of F1-ATPase from thermophilic Bacillus PS3
[Kato-Yamada Y., Yoshida M. (2003) J. Biol. Chem. 278,
36013]. However, whether it is a general feature of the e subunit
from other sources is yet unclear. Here, using a sensitive method
to detect weak interactions between ﬂuorescently labeled e sub-
unit and nucleotide, it was shown that the e subunit of F1-ATP-
ase from Bacillus subtilis also bound ATP. The dissociation
constant for ATP binding at room temperature was calculated
to be 2 mM, which may be suitable for sensing cellular ATP con-
centration in vivo.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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F0F11. Introduction
F0F1-ATPase/synthase (F0F1) catalyzes ATP synthesis cou-
pled with the proton ﬂow across membrane through mechan-
ical rotation of the central shaft subunits relative to the
surrounding stator subunits [1,2]. F1 is the water-soluble por-
tion of F0F1 and has ATP hydrolysis activity by itself. It con-
sists of ﬁve kinds of subunits with a stoichiometry of
a3b3c1d1e1 in which the catalytic nucleotide binding sites are
located on the b subunits and the non-catalytic nucleotide
binding sites are on the a subunits. Long coiled-coil helices
of the c subunit penetrate into the central cavity of the a3b3
cylinder [3] and ATP hydrolysis occurring in the a3b3 drives
rotation of the c subunit along with the e subunit that is asso-
ciated to the c subunit (reviewed in [2]).
The e subunit has been known to be an inhibitor of F1-ATP-
ase activity since the early stage of studies of ATP synthase [4–
6] and is believed to have a regulatory role. The e subunit is a
small subunit of 130–140 residues consisting of two distinct do-
mains, an N-terminal b sandwich domain and a C-terminal a
helical hairpin domain [7,8]. Accumulating biochemical and
structural studies have revealed that the e subunit can adopt
at least two diﬀerent conformational states in F1 and F0F1, re-
tracted (down)-state and extended (up)-state [9–16]. The struc-
tures of the isolated e subunit from Escherichia coli representAbbreviations: BF1,, F1-ATPase from Bacillus subtilis, a soluble port-
ion of FoF1; TF1, F1-ATPase from thermophilic Bacillus PS3; HEPES,
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid; Kd, dissocia-
tion constant; NAM, N-(9-acridinyl) maleimide; TMR, tetramethyl-
rhodamine-5-maleimide
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doi:10.1016/j.febslet.2005.11.036the retracted-state conformation that does not exhibit the
inhibitory eﬀect. The exact conformation of the extended-state
e subunit in F1 and F0F1 is not known but it is certain that the
C-terminal helical hairpin in the retracted-state is extended in
the extended-state [16] and become in the vicinity of the a
and b subunits [17]. The extended-state e exerts the inhibitory
eﬀect on ATP hydrolysis activity but, interestingly, not on
ATP synthesis activity of F0F1 [18,19].
We recently found that when the puriﬁed e subunit of F1 from
thermophilic Bacillus strain PS3 (TF1) was incubated with ATP
andapplied to gel-ﬁltration columnat room temperature, the 1:1
e-ATP complex was isolated [20]. The binding was speciﬁc since
GTP andADP failed to form a complex with e. This unexpected
ﬁnding led us to propose a new possibility that the e subunit in
F0F1 acts not only as a regulator of F0F1 but also as a sensor
for cellular ATP level. As the recently determined crystal struc-
ture of TF1-ewith bound ATP took retracted conformation (N.
Kajiwara, H. Akutsu, Y. K.-Y., M. Yoshida et al., unpublished
data), the ATP binding may stabilize e subunit in the retracted
(ATPase favoring) conformation. If the ATP binding to the e
subunit may occur in F0F1 complex, this may eﬀective to keep
F0F1 in ATPase favoring conformation when, for example, the
activity of the respiratory chain is diminished but the cell con-
tains enough ATP. F0F1 have to work as the ATP driven H
+
pump to maintain DlH+ under such conditions.
However, among es from several diﬀerent sources, only the
e subunit of TF1 made a complex with ATP [20]. Even the e
subunit of Bacillus subtilis F1-ATPase (BF1) that has 70% se-
quence identity with TF1-e did not show ATP binding. The
gel-ﬁltration method was unable to detect a weak ATP binding
that is suitable for sensing changes in milli-molar range of cel-
lular ATP concentrations. In the case of the e subunit of TF1,
the binding was detected probably because the temperature of
gel-ﬁltration was much lower than the physiological tempera-
ture of the organism (65 C) and the lowered temperature
strengthened the binding. Indeed when the temperature of
gel-ﬁltration experiment was raised to 50 C, the e-ATP com-
plex was no longer isolated (unpublished data) [20].
Here, I demonstrateATPbinding to the e subunit ofB. subtilis
F1-ATPase (BF1) by using ﬂuorescence change of dye-labeled e
subunit as a probe. The apparent dissociation constant (Kd) of
BF1-e subunit for ATP was 2 mM at 25 C, which may be suit-
able as a sensor for the cellular ATP concentration.2. Materials and methods
Construction of an expression plasmid for the mutant BF1 e subunit:
To obtain a single cys mutant e subunit of BF1, the Q107C mutation
was introduced by mega-primer method [21] applied to the expressionblished by Elsevier B.V. All rights reserved.
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mutated BF1 e subunit gene was cloned into pGEM-T (Promega).
Then, the fragment was excised by NdeI and HindIII, and cloned into
respective sites of pET21c expression vector (Novagen). The DNA se-
quence was conﬁrmed by DNA sequencing.
Puriﬁcation of a mutant e subunit of BF1: The expression and puriﬁ-
cation of Q107C mutant BF1 e subunit were performed essentially the
same as those for the wild type [20] except that all the buﬀers used
contained 1 mM DTT and that the mutant protein adsorbed onto
butyl-toyopearl column (Tosoh, Japan), thus eluted with the buﬀer
containing no ammonium sulfate.
Fluorescent labeling of BF1-e subunit: The Q107C mutant BF1-e sub-
unit was incubated with 1 mM DTT for 2 h and desalted by a centri-
fuge column (Bio-Gel P-6, Bio-Rad, USA) that was equilibrated
with 50 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic
acid–NaOH (pH 7.0) and 100 mM NaCl. Then N-(9-acridinyl) malei-
mide (NAM) (Dojin, Japan) or tetramethylrhodamine-5-maleimde
(TMR) (invitrogen, USA) in dimethylsulfoxide was added to the pro-
tein solution (180 lM) to give a 1:2 molar ratio and the mixture wasFig. 1. Time-courses of the ﬂuorescent change of dye-labeled BF1-e
subunit upon addition of ATP. (A) The 450 nM of NAM-BF1-e
subunit in 50 mM HEPES–KOH (pH 7.5), 100 mM KCl and 10 mM
MgCl2 was incubated at 25 C. NAM ﬂuorescence was measured at
excitation and emission wavelengths at 365 and 431 nm, respectively.
The changes in the ﬂuorescence were normalized to initial ﬂuorescent
value. ATP was added at the time indicated by an arrow to give
indicated concentrations. The line marked as buﬀer represents control
experiment without nucleotide. (B) The same experiments were carried
out at 37 C. (C) The 170 nM of TMR-BF1-e subunit was used.
Fluorescence was measured at excitation and emission wavelengths at
541 and 577 nm, respectively. Other experimental conditions are
described in Section 2.incubated for 15 min at room temperature. Excess dye was removed
by a successive centrifuge column equilibrated with 50 mM 2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES)–KOH (pH
7.5), 100 mM KCl and 10 mM MgCl2. The labeled protein was ana-
lyzed by SDS–PAGE [22] and the labeling ratio was estimated to
>0.9. The labeled protein was stored frozen at 70 C until use. The
BF1-e subunit was functionally intact as it could be reconstituted het-
erogeneously with the a3b3c complex of TF1 even after ﬂuorescent
labeling or storage (data not shown).
Detection of ATP binding to e subunit: NAM-BF1-e (450 nM) or
TMR-BF1-e (170 nM) was incubated in a cuvette containing 2 ml of
50 mM HEPES–KOH (pH 7.5), 100 mM KCl and 10 mM MgCl2.
The ﬂuorescent changes of the sample upon addition of nucleotides
were measured by a ﬂuorescent spectrometer FP-6500 (JASCO, Japan)
with excitation and emission wavelengths at 365 and 431 nm, respec-
tively, for NAM-BF1-e and at 541 and 577 nm, respectively, for
TMR-BF1-e. When the eﬀect of Mg
2+ was tested, MgCl2 was replaced
with 0.1 mM EDTA.
Other procedures: Protein concentrations were determined by the
method of Bradford [23] using bovine serum albumin as a standard.3. Results and discussion
3.1. Fluorescent change of ﬂuorescently labeled BF1-e by ATP
Fluorescence of NAM-BF1-e showed signiﬁcant (>5%)
changes by the addition of ATP at 25 C. The time-courses
of the ﬂuorescence upon addition of ATP to NAM-BF1-e
are shown in Fig. 1A. The extent of the changes in the ﬂuores-
cence increased with the increase in the ATP concentrations.
The same experiments were carried out at 37 C, the physiolog-Fig. 2. Test of nucleotide speciﬁcity and Mg2+ requirement for the
ﬂuorescent change of NAM labeled BF1-e subunit. (A) ATP, ADP or
GTP was added to 4 mM at the time indicated by an arrow. The line
marked as buﬀer represents control experiment without nucleotide.
Details were the same as in Fig. 1. (B) The eﬀect of Mg2+ was tested.
The buﬀer used here contained 0.1 mM EDTA instead of 10 mM
MgCl2. ATP (4 mM) was added at the time indicated by ﬁrst arrow.
After the addition of ATP, 10 mM MgCl2 was added at second arrow.
The line marked as +ATP represents experiment with ATP and the line
marked as buﬀer represents control experiment without ATP. Other
experimental conditions are described in Section 2.
Fig. 3. Extent and rate of ﬂuorescent changes with various ATP concentrations. (A) Data shown in Fig. 1A were plotted against ATP
concentrations. The values were taken at 220–240 s after the addition of ATP and the diﬀerences to the buﬀer experiment were shown. Averages of
three experiments were shown. The line represents curve ﬁtting with a single Kd at 2.1 mM and DF/Fmax at 13.7%. (B) The time-courses of ﬂuorescent
changes shown in Fig. 1A were ﬁtted with the sum of an exponential and a linear decreasing component. The apparent ﬁrst order rate constants of
exponential changes were plotted against ATP concentrations. Averages of three experiments were shown. The line showed result of linear regression.
From the slope and intercept, kon and koﬀ were determined to be 1.25 · 102 mM1 s1 and 2.87 · 102 s1, respectively. The Kd value was calculated
to 2.3 mM.
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became small and the ﬂuorescence became more unstable, ﬂuo-
rescent change upon addition of ATP was still observed. The
ﬂuorescent change was also observed with TMR-BF1-e
(Fig. 1C), which implies this phenomenon was not speciﬁc
for ﬂuorescent dye used. Further analyses were done for the
measurements with NAM-BF1-e at 25 C. ADP and GTP
(4 mM) did not show increase in the ﬂuorescence (Fig. 2A),
indicating speciﬁc binding of ATP to the BF1-e subunit as ob-
served for TF1-e subunit [20]. The eﬀect of Mg
2+ was also
tested. In the previous gel-ﬁltration experiment, the binding
was not Mg2+ dependent. Here, the ﬂuorescent change was
measured in the absence of Mg2+. As in Fig. 2B, although
the ﬂuorescence changed with time, the change became so
small. This may reﬂect ATP did not bind to the e subunit with-
out Mg2+ or changes in the ﬂuorescence were aﬀected by Mg2+.
Taking Mg2+ independent binding of ATP to TF1-e [20] into
account, the latter may be the case. The ﬂuorescence was
recovered when 10 mM MgCl2 was added.
3.2. Titration with ATP
The ﬂuorescent changes of the NAM-BF1-e at 25 C (diﬀer-
ences to the experiment with the buﬀer at 220–240 s after addi-
tion of ATP) were plotted against ATP concentrations
(Fig. 3A). Fitting with a hyperbolic curve gave an apparent
Kd of 2.1 mM. In the most cases, the time-course of ﬂuorescent
change can be ﬁt with the sum of an exponential and a linear
decreasing component. The continuous decrease may be due to
the instability of the sample because it was also observed with
the buﬀer when stirred continuously. The exponential changes
may reﬂect changes in the ﬂuorescence induced by ATP bind-
ing. Thus, the apparent ﬁrst order rate constants for the expo-
nential changes were plotted against ATP concentrations
(Fig. 3B). The slope of this plot gave kon for e + ATP and
Y-intercept gave koﬀ for dissociation of the e-ATP complex.
The kon value was determined to be 1.25 · 102 mM1 s1
and the koﬀ was 2.87 · 102 s1. Thus the Kd was calculated
to be 2.3 mM, which agreed well with the value determined
from the equilibrium as above. Considering homology with
TF1-e that showed 1:1 ATP binding, BF1-e may also bindATP with 1:1 ratio. The weak binding can explain why BF1-
e-ATP complex was not isolated by gel-ﬁltration chromatogra-
phy in a previous study [20]. Although I could not carry out
quantitative experiment at 37 C, the physiological tempera-
ture of B. subtilis, the ATP concentration that gave half of
maximal ﬂuorescent change was roughly estimated to about
5 mM (data not shown). BF1-e subunit may also bind ATP un-
der physiological conditions.
Now, TF1 is not a sole example of which e subunit possesses
ATP binding ability, and other ATP synthases may share this
characteristic. Further studies will unveil the relationships be-
tween ATP binding to the e subunit and ATP synthase activity.
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